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SECTION  1:  TECHNICAL  SUMMARY 

This  Annual  Summary  Report  summarizes  work  performed  to 
date  under  Contract  N00014-78-C-0238 ,  entitled  "Research  on 
New  Electronic  Display  Technologies."  The  contract  contains 
two  separate,  but  related,  tasks. 

The  first  task,  Human  Engineering  Survey  and  Analysis, 
provides  for  a  comprehensive  review  of  current  flat  panel 
display  technologies,  a  summary  of  the  human  operator-criti¬ 
cal  characteristics  of  each  technology,  a  technical  summary 
of  relevant  human  operator  visual  characteristics,  and  an 
evaluation  of  each  technology  by  current  visual  display 
theoretical  evaluation  approaches.  Section  2  of  this  report 
summarizes  this  task,  the  report  for  which  will  be  published 
in  early  1980. 

The  second  task,  Hue/ Luminance  Contrast  Tradeoffs, 
involves  laboratory  research  designed  to  develop  a  metric  by 
which  luminance  contrast  and  chrominance  contrast  can  be 
traded  off  in  display  design  to  provide  a  metric  of  total 
effective  display  contrast.  A  summary  of  work  to  date  and 
activity  planned  on  this  task  is  contained  in  Section  3  of 
this  interim  report.  Work  described  in  Section  3  will  be 
completed  in  late  1980,  and  a  technical  report  of  the 
results  will  be  issued  at  that  time. 

*-  '  '  #.»V-.  •  . ..  V.T  -•  • 


The  purpose  of  this  Annual  Summary  Report  is  to  indicate, 
to  appropriate  individuals,  the  nature  of  the  research  under 
this  contract  and  the  content  of  reports  to  be  subsequently 
published.  The  authors  would,  of  course,  be  pleased  to 
receive  comments  or  suggestions  regarding  these  activities 
to  make  the  ultimate  products  more  useful  to  the  scientific 
and  engineering  community. 


SECTION  2:  HUMAN  ENGINEERING  SURVEY  AND  ANALYSIS 


During  the  past  two  decades,  there  has  been  a  greatly 
increased  amount  of  activity  in  research  and  development  of 
new  types  of  visual  displays,  many  of  which  have  been 
intended  to  replace  classic  incandescent  and  cathode  ray 
tube  (CRT)  display  devices  and  systems. 

Ten  years  ago  it  was  predicted  by  many  in  the  display 
system  business  that  these  new,  solid-state  (or  flat-panel) 
displays  would  indeed  totally  displace  the  CRT  for  most  if 
not  all  applications.  The  flat-panel  displays  showed  prom¬ 
ise  of  greater  ruggedness,  finer  detail  or  resolution,  less 
power  consumption ,  better  geometric  image  stability,  less 
image  distortion,  and  greater  compatibility  with  their  asso¬ 
ciated  electronic  circuitry. 

During  these  ensuing  10  years,  some  (but  not  all)  of 
those  claims  have  been  met.  Simultaneously,  the  CRT  has 
been  improved  greatly  on  the  same  dimensions.  As  a  result, 
the  flat  panel  display  technologies  have  been  used  in  many 
applications  where  CRTs  were  formerly  used,  but  the  replace¬ 
ment  of  CRTs  with  other  forms  has  been  anything  but  univer¬ 
sal  . 
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Today  there  exists  the  same  challenge  from  the  solid 


state  display  community.  Further,  the  variety  of  available 
solid  stare  display  types  continues  to  increase,  due  largely 
to  continued  emphasis  on  the  research  and  development  criti¬ 
cal  to  the  electronic  interfacing  and  materials  needed  for 
these  devices.  As  a  result,  the  systems  engineer  or  human 
factors  engineer  concerned  only  with  selecting  an  appropri¬ 
ate  display  device  for  a  given  application  is  faced  with 
many  candidates  and  few  criteria  for  valid  selection.  This 
report  is  an  attempt  to  provide  useful,  conveniently  pack¬ 
aged  information  for  that  systems  or  human  factors  engineer. 

Purpose 

The  purpose  of  this  task  final  report  is  to  provide  the 
critical  background  information  that  the  systems  or  human 
factors  engineer  needs  to  make  an  intelligent  display  device 
selection  for  a  given  application.  It  is  not  intended  as  a 
designer's  manual,  as  a  menu  of  required  future  research 
projects,  nor  as  an  authoritative  sourcebook  of  display  sys¬ 
tems  engineering. 

To  make  an  intelligent  and  valid  display  device  selec¬ 
tion,  or  to  specify  appropriate  criteria  for1 display  device 
fabrication  and  selection,  the  human  factors/systems  engi¬ 
neer  requires  a  working  knowledge  of  (1)  the  fundamental 
physical  concepts  inherent  in  each  display  technology,  (2) 
functional  relationships  between  display  types  and  display 
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parameters  pertinent  to  the  human  operator’s  use  of  the 
display,  and  (3)  the  quantitative  relationships  between 
human  performance  in  generic  or  typical  tasks  and  functional 
characteristics  of  the  display,  irrespective  of  the  display 
technology . 

It  is  the  purpose  of  this  report  to  provide  that  informa¬ 
tion  needed  by  the  systems/human  factors  engineer. 

Organization 

Chapter  2  of  the  task  final  report  presents  an  overview 
of  current  flat-panel  display  technologies.  Each  technology 
is  described  in  terms  of  its  basic  physical  concepts  and 
materials;  its  electrical,  photometric,  and  geometric  char¬ 
acteristics;  its  inherent  advantages  and  limitations;  and  a 
prognosis  for  its  future  development.  For  purposes  of  con¬ 
sistency,  each  technology  is  described  by  the  same  13  param¬ 
eters  or  categories.  These  parameters  or  categories  are 
defined  at  the  beginning  of  Chapter  2,  which  concludes  with 
a  comparative  description  of  the  technologies.  Chapter  2 
also  includes,  using  the  same  13  categories  of  description, 
the  CRT  display,  for  the  CRT  remains  the  traditional  stan¬ 
dard  against  which  all  other  display  devices  are  compared. 

Chapter  3  describes  the  spatial,  temporal,  and  chromatic 
capabilities  of  the  normal  human  visual  system.  The 
approach  taken  is  that  of  the  application  of  (1)  current 
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multichannel  processor  concepts  of  the  visual  system,  and 
(2)  linear  systems  analysis  of  both  the  display  and  the 
visual  system  to  result  in  an  analytic  ability  to  directly 
compare  the  visual  system's  "requirements"  with  the  informa¬ 
tion  displayed.  This  analytic  approach  is  developed  in 
Chapter  4,  which  also  summarizes  known  human  operator  per¬ 
formance  data  pertinent  to  tt~  design  and  evaluation  of 
these  flat  panel  display  devices. 

Because  there  are,  unfortunately,  substantial  gaps  in  our 
knowledge  of  display  design  requirements  for  human  operator 
optimal  performance,  these  data  gaps  are  described  in  Chap¬ 
ter  5.  The  data  gaps,  or  research  needs,  will  be  noted  in 
appropriate  places  throughout  the  report,  as  they  become 
pertinent  to  various  subjects  of  the  report. 

Chapter  6  attempts  to  apply  the  data  and  generalizations 
to  three  types  of  display  environments,  a  shipboard  command 
and  control  room,  a  Marine  Corps  information  system,  and 
airborne  displays  for  data  readout  as  well  as  for  aircraft 
and  weapons  control. 

Finally,  Chapter  7  summarizes  the  report,  examining 
briefly  the  current  and  future  flat  panel  display  technolo¬ 
gies,  their  ability  to  meet  the  display  needs  of  the  human 
operator,  and  the  display  and/or  human  performance  research 
and  development  necessary  to  maximize  the  selective  use  of 
these  flat  panel  display  technologies. 
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The  complete  chapter  outline  of  this  report  follows  to 
give  the  reader  a  more  complete  indication  of  chapter  con¬ 


tent. 

1.  Introduction 

a)  Purpose 

b)  Organization 

2.  Technology  Overview 

a)  Parameter  Definitions 

i)  Physical  Size  and  Configuration 

ii)  Power  and  Voltage  Requirements 

iii)  Spectral  Emission 

iv)  Luminance 

v)  Luminous  Efficiency 

vi)  Element  Size,  Shape,  Density 

vii)  Contrast  and  Dynamic  Range 

viii)  Uniformity 

ix)  Temporal  Characteristics 

x)  Addressing/Driving  Interfaces 
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xii)  Utility  for  Display-Type  Applications 


xiii)  Future  Technology  Projections 
b)  Technology  Summaries 

i)  Cathode-Ray  Tube  (CRT) 

Physical  size  and  configuration 
Power  and  voltage  requirements 
Spectral  emission 
Luminance 

Luminous  efficiency 
Element  size,  shape,-  density 
Contrast  and  dynamic  range 
Uniforrai ty 

Temporal  characteristics 
Addressing/driving  interfaces 
Cost 

Utility  for  display-type  applications 
Future  technology  projections 

ii)  Flat-panel  CRT  (same  13  characteristics 
for  this  and  other  technologies) 

iii)  Light-Emitting  Diode  (LED) 

iv)  Electroluminescence  (EL) 


V) 


Plasma  Panel 


vi)  Liquid  Crystal  Displays  (LCD) 

vii)  Electrochromics 

viii)  Electrophoretics 
c)  Technology  Comparisons 

Human-  Operator  Visual  Capabilities  and  Require¬ 
ments 

a)  Spatial  Discrimination 

i)  Classical  Approach 

ii)  Contrast  Sensitivity  Function 

Effect  of  field  luminance  or  retinal 
illuminance 

Effect  of  grating  size  or  number  of 
cycles 

Effect  of  stimulus  modulation  on 
suprathreshold  sensitivity  curve 
Effect  of  retinal  location 

Effect  of  grating  orientation 

Effect  of  stimulus  motion 
Effect  of  viewing  distance 
Comparison  of  sine-wave  and  other 
waveform  thresholds 

Stimulus  duration  effects 


Effect  of  wavelength  on  luminance  CSF 
Linearity — is  it  important? 


b)  Temporal  Discrimination 

i)  Critical  Fusion  Frequency  Approach 

ii)  Temporal  Sensitivity  Function  Approach 

iii)  Application  of  Temporal  MTF  to  Nonsinu- 
soidal  Stimuli 

c)  Spatiotemporal  Interaction 

d)  Chromatic  Sensitivity  and  Discrimination 

i)  Additive  Color 

ii)  Colorimetry 

iii)  Chromaticity  Discrimination 

iv)  Chromatic  Sensitivity  Function  Approach 

v)  Temporal  Modulation  of  Chromaticity  Grat¬ 
ings 

vi)  Summary 

4.  Visual  Requirements  and  Display  Evaluation 
a)  Spatial  Parameters 

i)  Resolution/Density 
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ii)  Element  Size,  Shape,  Luminance  Distribu¬ 


tion 

iii)  Element  Spacing,  Continuity 

iv)  Uniformity,  Noise,  Failure 

v)  Size,  Scale 

b)  Temporal  Parameters 

i)  Rise  and  Fall  Times 

ii)  Refresh  Rate 

iii)  Noise  Integration 

c)  Chromatic  Parameters 

i)  Intrinsic  Chromatic  Contrast 

ii)  Ambient  Effects 

iii)  Chromatic  Adaptation 

iv)  Luminance/Chrominance  Tradeoffs 

d)  Unitary  Metrics  of  Display  Quality 

i)  Spatially  Continuous  Monochrome  Displays 

ii)  Spatially  Discrete  Monochrome  Displays 

iii)  Chromatic  Displays 

-  12  - 


e)  Information  Encoding 


i)  Alphanuraerics  (Stroke,  Matrix,  Segmented, 
etc . ) 

ii)  Graphics  (including  Antialiasing) 

5.  Data  Gaps  and  Research  Needs 

a)  Uniformity  Requirements 

i)  Large  Area 

ii)  Small  Area 

iii)  Line,  Cell  Loss  (on  and  off) 

b)  Chrominance/Luminance  Contrast  Tradeoffs 

i)  Metric  of  Color  Contrast 

ii)  Effect  on  Legibility 

iii)  Wavelength  Distribution  versus  Dominant 
Wavelength 

c)  Font,  Matrix  Requirements 

i)  Upper  and  Lower  Case 

ii)  Symbols 

iii)  Contextual  Effects 
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tv)  Symbol  Rotation 


v)  Vectorgraphic  Antialiasing 

d)  Resolution  Requirements 

i)  Tradeoff  with  Percent  Active  Area 

ii)  Performance/Cost/ Addressing  Tradeoffs 

e)  Predictive  Model  Development 

i)  Performance  Prediction 

ii)  Readability,  Legibility,  Search 

iii)  Parametric  Design  Tradeoffs 

6.  Three  Representative  Applications  for  Flat-Panel 
Technologies 

a)  Shipboard  Command  and  Control 

b)  Marine  Corps  Information  System 

c)  Airborne  Displays 

7.  Summary  and  Conclusions 

8.  References 


9.  Appendix 


SECTION  3:  HUE /LUMINANCE  CONTRAST  TRADEOFFS 
Introduction 

In  applications  where  a  human  operator  is  presented 
information  on  an  achromatic  or  monochromatic  display  (e.g., 
a  black  and  white  CRT  or  a  green  phosphor  CRT) ,  contrast  is 
provided  by  varying  the  luminance  of  the  displayed  informa¬ 
tion.  Polychromatic  displays  achieve  contrast  by  providing 
variation  of  the  spectral  content  and  the  luminance  of  dis¬ 
played  information. 

One  of  the  conclusions  of  the  Task  I  report  is  that  lit¬ 
tle  is  known  about  specifying  the  amount  of  color  contrast 
needed  to  perform  various  tasks.  There  has  been  little 
research  on  how  chrominance  contrast,  the  contrast  between 
two  stimuli  of  differing  hue  and/or  saturation,  and  lumi¬ 
nance  contrast  combine  into  perceived  color  contrast.  One 
objective  of  the  present  research  is  to  determine  the  rela¬ 
tive  contributions  of  luminance  differences  and  chrominance 
differences  to  the  perception  of  color  contrast. 

There  have  been  very  few  attempts  to  determine  the  form 
of  a  metric  of  color  contrast.  Chapanis  (1949)  suggested 
that  chrominance  contrast  and  luminance  contrast  combine  to 
produce  a  total  contrast.  A  second  objective  of  the  present 
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research  is  to  determine  the  form  of  a  metric  which  speci¬ 
fies  the  contributions  of  luminance  and  and  chrominance  con¬ 
trast  to  total  contrast. 

A  review  of  the  human  factors  literature  reveals  that 
very  little  research  has  been  performed  on  either  determin¬ 
ing  the  form  of  a  metric  of  color  contrast  or  determining 
the  relationship  between  the  amount  of  color  contrast  and 
performance.  Rather,  the  human  factors  literature  has  con¬ 
cerned  itself  with  two  major  issues:  (1)  the  utility  of 
using  color-coded  information  (e.g.,  Carter  and  Cahill, 
1979;  Christ,  1975;  Oda  and  Barker,  1979),  and  (2)  which 
colors  are  most  easily  named  or  recognized  (e.g.,  Chapanis , 
1965;  Haeusing,  1976;  Halsey  and  Chapanis,  1951).  The 
results  obtained  from  these  studies  are  of  considerable  use 
to  display  designers,  but  they  do  not  provide  the  data 
required  for  specifying  a  metric  of  color  contrast. 

The  psychologiocal  and  psychophysical  literature  contains 
many  studies  of  color  contrast;  however,  these  studies 
define  contrast  in  ways  that  are  quite  different  from  the 

way  in  which  a  display  designer  would  define  contrast.  Many 

\ 

of  these  studies  have  defined  contrast  in  terms  of  the 
effects  obtained  when  a  chromatic  stimulus  is  presented  with 
a  differently  colored  surround  or  "inducing  field"  (Yund  and 
Armington,  1975).  The  results  of  such  studies  typically 
show  that,  for  example,  a  yellow-green  stimulus  presented 
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with  a  yellow  surround  appears  more  green  than  when  the  cen¬ 
tral  stimulus  is  presented  alone. 

The  magnitude  of  the  effect  of  the  surround  on  the  target 
increases  with  increasing  surround  size  (Yund  and  Armington, 
1975) ,  decreases  as  the  spatial  separation  between  the  stim¬ 
ulus  and  the  surround  increases  (Oyama  and  Hsia,  1966) ,  and 
the  greatest  effects  occur  with  small  test  fields  and  large 
surrounds  (Marsden,  1969).  The  results  of  these  experiments 
are  of  some  interest  to  display  designers;  they  indicate 
that  the  perceived  hue  of  a  color  character  or  symbol  is 
affected  by  the  color  of  the  surround  and  the  surround  size. 
The  problem  is. that  these  results  are  not  related  to  the 
perceived  contrast  between  a  target  and  its  backxound,  nor 
have  they  been  related  to  typical  performance  measures.  A 
further  problem  with  these  results  is  that  they  cannot  be 
used  directly  in  the  design  of  displays. 

Very  little  research  is  available  which  contributes  to 
the  formation  of  hypotheses  of  how  chrominance  separation 
contributes  to  the  perception  of  color  contrast.  Much 
research  has  followed  the  lead  of  MacAdam  (1949)  in  deter¬ 
mining  just  aoticable  differences  among  colors.  This  previ¬ 
ous  research  addresses  the  complement  of  the  visual  display 
color  contrast  problem;  it  attempts  to  specify  the  amount  of 
chrominance  separation  permitted  before  a  subject  detects  a 
difference  between  a  reference  stimulus  and  a  test  stimulus. 


In  essence,  this  research  determines  the  threshold  for  color 
contrast  achieved  by  chrominance  separation.  The  results  of 
these  studies  are  of  considerable  use  to  the  paint  and  dye 
industry  in  specifying  quality  control  criteria,  but  these 
results  do  not  enable  the  display  designer  to  specify  parti¬ 
cular  levels  of  suprathreshold  contrast. 

The  results  obtained  by  MacAdam  and  other  investigators 
indicates  that  the  CIE  and  CIE-CJCS  color  spaces  are  not  uni¬ 
form  with  respect  to  chromaticness  or  lightness  (brightness) 
(Wysecki  and  Stiles,  1967)  .  This  means  that  equal  changes 
in  color  coordinates  do  not  result  in  equal  changes  in  per¬ 
ception.  Efforts  to  develop  uniform  color  spaces  or  to 
transform  existing  color  spaces  into  uniform  color  spaces 
have  met  with  little  success  or  require  complicated  trans¬ 
formations  (Wsecki  and  Stiles,  1967,  chap.  6)  and  are  often 
of  limited  generality. 

A  further  obstacle  to  the  formation  of  a  metric  of  total 
perceived  color  contrast  is  the  lack  of  correlation  between 
luminance  and  perceived  lightness,  subsumed  under  the  label 
of  "luminance  additivity."  A  typical  experiment  demonstrat¬ 
ing  nonadditivity  was  performed  by  Guth  (1967).  The  experi¬ 
ment  involved  measuring  the  luminance  added  to  a  monochro¬ 
matic  test  field  to  make  the  test  field  detectable,  or  just 
over  threshold.  If  luminance  additivity  holds,  then  for 
monochromatic  fields  of  different  wavelengths  a  constant 
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amount  of  luminance  has  to  be  added  to  make  the  test  field 
detectable.  The  results  reported  by  Guth  for  monochromatic 
fields  of  10  different  wavelengths  indicate  that  luminance 
additivity  does  not  hold.  The  results  indicate  that  the 
larger  the  wavelength  difference  between  the  subthreshold 
test  field  and  the  added  light,  the  greater  the  luminance  of 
the  added  light  required  to  make  the  compound  stimulus 
detectable . 

Experiments  investigating  luminance  nonadditivity  have 
generally  been  conducted  using  stimuli  at  or  near  threshold. 
It  is  important  to  establish  how  these  results  may  be  gener¬ 
alized  to  suprathreshold  stimuli  and  the  perception  of  con¬ 
trast,  for  suprathreshold  contrast  is  much  more  pertinent  to 
display  design.  The  studies  which  would  permit  such  gener¬ 
alization  have  not  been  reported,  if  they  have  indeed  been 
conducted . 

The  nonuniformity  of  the  CIE  color  space  and  color  spaces 
derived  from  the  CIE  color  space  in  both  chromaticness  and 
brightness  (or  lightness)  limits  the  utility  of  these  sys¬ 
tems  in  predicting  perceived  color  contrast.  If  these  color 
spaces  were  uniform  then  it  might  be  possible  to  scale,  by  a 
constant  multiplier,  the  difference  between  the  coordinates 
of  two  stimuli  in  order  to  predict  the  perceived  contrast. 
The  nonuniformity  of  the  CIE  and  CIE  transformed  color 
spaces  indicates  that  equal  changes  in  coordinates  do  not 


yield  equal  changes  in  perception;  thus,  no  simple  function 
of  the  difference  between  coordinates  can  be  expected  to 
correlate  highly  with  perceived  contrast. 

A  rather  severe  limitation  of  the  psychophysical  research 
on  the  perception  of  chromatic  stimuli  stems  from  the  lim¬ 
ited  range  of  stimuli  which  have  been  studied.  One  such 
limitation  is  a  results  of  the  use  of  narrowband  (monochro¬ 
matic)  stimuli.  Although  the  use  of  such  stimuli  simpli¬ 
fies,  to  some  extent,  the  analysis  of  results  and  the  formu¬ 
lation  of  theory,  it  limits  the  generality  of  the  results 
obtained.  This  is  especially  true  since  the  emitted  spectra 
of  most  color  displays  are  quite  broad  band. 

Another  limitation  stems  from  the  diversity  of  experimen¬ 
tal  paradigms  in  use  and  from  the  hesitancy  of  investigators 
to  study  two  or  more  paradigms  in  parallel.  As  a  result, 
there  is  a  great  deal  of  research  in  the  literature,  very 
little  of  which  has  been  extended  beyond  a  single  experimen¬ 
tal  paradigm.  This  strategy  simplifies  the  formation  of 
theory  and  leads  to  well  defined  research  questions,  but  it 
limits  the  generality  of  the  results.  Therefore,  much  of 
the  existing  literature  cannot  be  used  to  determine  the  form 
of  a  metric  of  color  contrast.  Further,  it  is  not  clear  how 
the  various  phenomena  being  studied  might  affect  the  percep¬ 
tion  of  color  contrast. 
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In  summary,  neither  the  human  factors  literature  nor  the 
psychological  and  psychophysical  research  have  provided  the 
data  or  theory  necessary  to  form  a  metric  of  color  contrast. 
Due  to  nonuniformities,  neither  the  CIS  nor  the  CIE  derived 
color  coordinate  sytems  can  be  simply  and  efficiently 
adapted  to  predict  perceived  color  contrast. 

Statement  of  the  Problem 

At  present,  there  are  no  data  which  allow  the  determina¬ 
tion  of  how  contrast  achieved  by  luminance  separation  and 
chrominance  separation  combine  to  produce  color  contrast. 
These  data  need  to  be  obtained  over  a  wide  range  of 
suprathreshold  conditions  before  a  metric  of  color  contrast 
can  be  formed. 

A  second  question,  of  considerable  practical  importance, 
concerns  the  effect  of  a  surround-induced  hue  shift  on  the 
perceived  color  contrast  between  a  surround  and  a  central 
target.  If  surround  induced  hue  shifts  affect  color  con¬ 
trast,  then  the  chromatic  content  of  the  surround,  which 
influences  the  direction  of  the  perceived  hue  shift,  becomes 
an  important  display  design  factor.  Although  considerable 
research  has  been  performed  on  surround-induced  hue  shifts, 
no  research  data  have  been  reported  which  predict  the  effect 
of  a  surround  induced  hue  shift  on  color  contrast. 


Research  .J 


In  order  to  determine  how  the  components  of  color  con¬ 
trast  combine,  we  shall  present  subjects  with:  (1)  stimuli 
of  differing  hue  and  saturation  but  constant  brightness,  and 
(2)  stimuli  with  the  same  hue  and  saturation  but  differing 
brightness.  The  subjects  will  be  asked  to  match  the  con¬ 
trast  between  two  chromatic  test  stimuli  to  the  contrast 
between  two  achromatic  fields.  The  subjects  will  be  able  to 
adjust  the  contrast  of  the  achromatic  fields  by  adjusting 
the  luminance  difference  between  the  two  achromatic  fields. 
The  adjusted  luminance  difference  between  the  two  achromatic 
fields  can  be  thought  of  as  the  equivalent  achromatic  con¬ 
trast  of  two  chromatic  stimuli.  The  measured  luminance  dif¬ 
ference  between  the  achromatic  stimuli  will  be  used  to  form 
an  interval  scale  of  color  contrast. 

The  use  of  this  experimental  task  has  several  advantages. 
Judgements  made  by  matching  tend  to  be  fairly  easy  to 
obtain,  are  fairly  reliable,  and  have  low  variances.  These 
advantages  account  for  the  tremendous  popularity  of  this 
method  among  color  perception  researchers.  .4  further  advan¬ 
tage  of  the  experimental  task  is  that  it  provides  a  depen¬ 
dent  measure  which  can  be  used  to  scale  the  contributions  of 
luminance  contrast,  chrominance  contrast,  and  the  combina¬ 


tion  of  both. 


The  data  obtained  from  the  experiment  described  above 
will  be  used  to  evaluate  the  utility  of  a  vector-difference 
model  of  color  contrast.  A  vector-difference  model  would 
use-  the  difference  between  the  color  coordinates  of  two 
chromatic  stimuli  to  predict  the  amount  of  color  contrast 
between  the  stimuli. 

In  the  experiments  to  be  performed,  subjects  will  be 
matching  the  equivalent  achromatic  contrast  of  stimuli  which 
are  of  equal  brightness  and  of  varying  chrominance,  and  will 
be  matching  the  equivalent  achromatic  contrast  of  stimuli 
which  are  of  varying  brightness  and  constant  chrominance. 
The  data  from  these  two  sets  of  matches  will  be  used  to 
scale  the  relative  contributions  of  brightness  separation 
and  chrominance  separation  to  the  perception  of  color  con¬ 
trast.  We  will  form  a  vector  difference  model  which  takes 
into  account  the  contributions  of  chrominance  separations 
and  luminance  separation  which  predicts  matched  equivalent 
achromatic  contrast. 

The  CIE  and  CIE  transformed  color  spaces  are  non-Eucli- 
dean  affine  spaces  (Cohen  and  Frieden,  1976;  Wysecki  and 
Stiles,  1967),  and  distances  between  points  in  an  affine 
space  have  no  meaningful  physical  interpretation.  In  order 
to  appropriately  evaluate  a  vector  difference  model,  a 
Euclidean  color  space  is  needed.  Cohen  and  Frieden  %( 1976) 
have  developed  a  Euclidean  color  space,  and  we  will  be  eval- 
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uating  the  utility  of  a  vector-difference  model  ox  color 
contrast  based  on  their  coordinate  system.  A  second  experi¬ 
ment  will  be  performed  to  assess  the  effects  of  surround 
induced  perceived  hue  shift  on  the  perception  of  color  con¬ 
trast.  During  the  course  of  this  experiment,  subjects  will 
be  matching  the  achromatic  contrast  of  two  achromatic  fields 
to  the  contrast  of  two  chromatic  stimuli  presented  concen¬ 
trically,  as  a  small  central  target  within  a  larger  target. 

The  question  of  primary  concern  is  whether  the  derived 
metric  of  color  contrast  has  to  take  info  account  the  effect 
of  surround-induced  contrast  hue  shifts.  One  possibility  is 
that  by  knowing  the  coordinates  of  the  hue-shifted  test 
field,  one  can  use  the  metric  of  color  contrast  developed  in 
the  previous  experiment  to  predict  perceived  contrast.  Mea¬ 
surements  of  surround  induced  hue  shift  will  be  made  in 
order  to-  provide  for  the  inclusion  of  these  effects  in  the 
metric  of  color  contrast. 


Development  of  Dis 


Capabil  it-} 


The  research  program  discussed  above  requires  a  display 
that:  ( 1 '  has  rhe  ability  to  present  a  wide  range  of  broad 
band  colors,  ;.2)  has  the  ability  to  present  stimuli  in  a 
wide  range  of  spatial  conf igurations ,  and  (2)  has  the  abil¬ 
ity  to  display  stimuli  on  command  without  frequent  recalib¬ 


ration.  The  above  requirements  can  be  met  by  using  a  compu¬ 
ter  controlled  digital  image  generator  in  conjunction  with  a 
high  resolution  color  television  monitor. 


The  display  system  used  in  the  present  research  consists 
of  a  Conrac  5411  color  television  monitor  equipped  with  a 
Mitsubishi  high-resolution  picture  tube,  which  is  driven  by 
an  International  Imaging  System  digital  image  generator. 
The  digital  image  generator  is  in  turn  controlled  by  a  PDP 
11/55  minicomputer. 

The  television  monitor  contains  a  red,  a  blue,  and  a 
green  electron  gun.  The  CIE  x-y  chromaticity  coordinates  of 
each  gun  are  at  a  vertex  of  the  triangle  shown  in  Figure  1 
Colors  within  the  triangle  are  generated  by  adding  different 
amounts  of  red,  green,  and  blue.  The  amount  of  red,  green, 
or  blue  added  is  determined  by  the  number  of  intensity  bits 
set  for  each  gun. 

The  capability  of  displaying  stimuli  of  particular  chro¬ 
maticity  coordinates  requires  determination  of  the  relation¬ 
ship  between  commanded  intensity  bits  and  the  amount  of 
luminance  at  the  display.  The  relationship  between  lumi¬ 
nance  and  intensity  bits  and  laws  of  additive  color  mixing 
can  be  used  to  calculate  the  intensity  bit  settings  needed 
to  display  specific  colors. 

Development  of  Measurement  Software  and  Technique 

Figure  2  contains  a  simplified  block  diagram  of  the 
radiometric  system  used  to  make  measurements  of  the  output 
of  the  display  system.  The  system  consists  of  a  probe,  a 
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VALUES  OF  X 


Figure  1:  The  CIE  x,y  Coordinates  of  the  Red,  Green,  and 
Blue  Phosphors 


fiber  optic  cable,  a  monochromator,  a  photometric  multiplier 
tube,  a  monochromator  scanning  control,  and  a  digital 
radiometer.  A  standard  spectral  radiance  source  is  also 
required  for  calibration  of  the  measurement  system.  Func¬ 
tionally,  the  probe  collects  the  light  emitted  by  the  dis¬ 
play.  The  fiber  optic  cable  transmits  the  emitted  light  to 
the  monochromator.  The  monochromator  takes  the  incoming 


light  and  displaces  it  according  to  wavelength. 


The  scan- 


1 


ning  controller  selects  a  narrow  wavelength  band  to  be  sent 
to  the  photomultiplier  tube.  The  photomultiplier  tube  is 
the  sensing  element  of  the  system  which  transforms  photons 
into  electrons.  The  potential  generated  by  this  transforma¬ 
tion  is  measured  by  the  digital  radiometer. 

A  program  was  written  which  placed  the  radiometric  mea¬ 
surement  system  under  computer  control.  The  software  senses 
the  position  of  the  monochromator  head,  sends  a  signal  to 
advance  the  monochromator  head  to  the  next  wavelength  to  be 
sampled,  senses  when  the  monochromator  head  has  moved  to  the 
next  wavelength  to  be  sampled,  and  samples  the  output  of  the 
radiometer . 

A  calibration  program  was  written  which  compares  the 
known  output  of  a  standard  source  to  the  output  measured  by 
our  system  and  calculates  a  correction  factor  at  each  wavel¬ 
ength  between  300  and  800  nm.  The  results  of  the  calibra¬ 
tion  program  were  analyzed  by  a  program  which  calculates 
chromaticity  coordinates,  radiance,  and  luminance. 

Four  parameters  of  data  collection  had  to  be  fixed  before 
characterization  of  the  display  could  proceed.  The  first 
parameter  to  be  fixed  was  the  allowable  error  in  the  place¬ 
ment  of  the  monochromator  sensing  head.  The  error  is  the 
difference  between  the  intended  head  position  and  the  cur¬ 
rent  head  position.  The  error  value,  or  hysteresis  value, 
was  chosen  to  be  as  small  as  possible  before  a  continuous 
hunting  for  head  placement  took  place. 
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The  second  parameter  to  be  fixed  was  the  time  interval 
spent  at  each  wavelength  during  sampling  of  the  radiometer 
output.  Due  to  the  noise  present  in  the  radiometric  mea¬ 
surement  system,  measurements  of  the  radiometer  output  were 
made  once  every  millisecond  and  averaged  over  a  sampling 
time  interval.  A  sampling  time  interval  of  100  ms  was  cho¬ 
sen.  Smaller  times  yielded  larger  errors  in  the  calculated 
color  coordinates  of  the  standard  source.  Sampling  time 
intervals  of  longer  than  100  ms  did  not  yield  appreciable 
decreases  in  the  error  of  calculated  standard  source  color 
coordinates. 

A  series  of  scans  of  a  laser  beam  (Spectra  Physics  Model 
155,  helium-neon)  imaged  onto  a  diffuser  were  made  to  deter¬ 
mine  the  transfer  function  of  the  radiometric  measurement 
system.  Figure  3  shows  the  results  of  a  scan  of  the  laser 
beam  made  in  1  nm  increments.  The  response  of  the  system  is 
very  sharp  and  the  half-amplitude  width  is  approximately  3 
nm.  The  wavelength  of  the  laser  was  specified  by  the  manu¬ 
facturer  as  632.8  nm.  The  average  measured  peak  amplitude 
was  632.6  nm  with  a  standard  deviation  of  .966  nm. 

The  final  parameter  to  be  fixed  was  the  number  of  scans 
needed  to  estimate  the  mean  luminance  and  radiance  within  3 
percent  of  the  true  mean  at  the  95%  confidence  level  or  bet¬ 
ter.  A  sample  size  of  five  scans  was  chosen  using  the  sam¬ 
ple  size  estimation  technique  described  by  Seeberger  and 
Wierwille  (1976). 


29 


In  summary ,  we  have  developed  software  and  measurement 
techniques  which  allow  us  to  measure  spectral  density  func¬ 
tions  and  to  calculate  the  luminance,  the  radiance,  and  the 
color  coordinates  of  any  displayed  stimulus.  In  addition, 
these  measurements  are  made  to  known  tolerances. 

Characterization  of  the  Display  System 

Figure  4  shows  the  nonlinear  relationship  between  dis¬ 
played  luminance  and  the  number  of  intensity  bits  set  for 
each  of  the  Red,  Green,  and  Blue  electron  guns.  The  figure 
shows  that  the  luminance  range  of  the  Red  and  Blue  guns  are 
quite  a  bit  smaller  than  the  luminance  range  of  the  Green 
gun.  Quadratic  models  fit  the  luminance-intensity  bit  data 
quite  well  (for  the  Red  gun,  r2  *  0.996,  for  the  Green  gun, 
r2  *  0.996,  for  the  Blue  gun,  r2  »  0.991). 

To  facilitate  the  transformation  of  coordinates  to  inten¬ 
sity  bit  settings,  the  luminance  output  of  the  display  was 
linearized.  Examination  of  the  quadratic  models  of  the 
luminance-intensity  bit  data  revealed  that  these  models 
would  not  be  accurate  enough  for  use  in  luminance  output 
linearization.  The  method  chosen  for  linearization  involved 
measuring  the  luminance  output  of  each  gun  at  sixteen 
equally  spaced  intervals  over  the  range  of  intensity  bit 
settings  (0-1023).  A  linear  function  was  fit  between  the 
luminances  recorded  for  0  bits  and  1023  bits.  Finally,  a 
table  was  constructed  which  maps  a  0  to  255  bit  linear  scale 
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Figure  4:  Luminance-Intensity  Bit  Relationships 
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into  the  0  to  1023  output  scale  such  that  the  relationship 
between  input  bits  and  luminance  is  linear.  The  0  to  255 
bit  linear  scale  is  the  scale  used  in  calculations  described 
below.  The  results  of  the  linearization  are  illustrated 
Figure  5 

The  program  which  calculates  the  intensity  bit  settings 
accepts  as  input  the  x,y  chromaticity  coordinates  and  the 
luminance  of  the  desired  color.  The  fact  that  tristimulus 
values  are  additive,  the  result  that  the  tristimulus  values 
associated  with  each  gun  are  a  linear  function  of  the  0-255 
bit  linear  scale,  and  the  defining  equations  for  chromatic¬ 
ity  coordinates  yield  a  system  of  simultaneous  linear  equa¬ 
tions.  This  system  of  equations  may  be  used  to  solve  for 
the  bit  value  settings  given  the  x,y  chromaticity  coordi¬ 
nates  and  the  luminance  of  a  desired  color. 

The  bit  values  returned  from  the  above  program  then  serve 
as  the  midpoint  of  a  search  interval  for  each  of  the  Red, 
Green,  and  Blue  channels.  All  possible  combinations  of  bit 
values  within  the  intervals  are  used  to  calculate  chromatic¬ 
ity  coordinates.  The  bit  value  combination  which  yields 
coordinates  closest  to  the  desired  coordinates  is  returned. 

Once  the  0  to  255  bit  linear  output  table  has  been  built 
an  experimenter  need  only  run  the  program  which  calculates 
the  intensity  bit  settings  in  order  to  be  able  to  display  a 
color.  With  the  capability  developed  thus  far,  it  is  very 
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easy  to  change  stimuli  for  a  particular  experiment  or  to 
specify  the  stimuli  for  a  new  experiment. 

Task  Summary 

A  review  of  the  human  factors  literature  and  the  psycho¬ 
physical  literature  reveals  that  there  is  little  or  no  data 
which  can  be  used  by  a  display  designer  in  specifying  the 
amount  of  color  contrast  a  human  operator  will  perceive.  In 
order  to  provide  the  data  necessary  to  form  a  metric  of 
color  contrast,  experiments  will  be  performed  which  investi¬ 
gate  the  relative  contributions  of  luminance  separation  and 
chrominance  separation  to  the  perception  of  color  contrast. 
In  addition,  an  experiment  will  be  performed  which  seeks  to 
investigate  the  effects  of  a  chromatic  surround  on  the  per¬ 
ception  of  color  contrast. 

A  flexible  display  capability  is  required  to  perform  the 
experiments  described  in  this  report.  The  display  system 
must  permit  the  experimenter  to  present  a  broad  range  of 
chromatic  stimuli  in  many  spatial  configurations.  A  digi¬ 
tally  controlled  color  television  system  provides  the 
required  flexibility,  provided  that  the  system  can  be  ade¬ 
quately  characterized. 

Software  and  measurement  techniques  were  developed  which 
enable  the  measurement  of  radiometric  and  photometric  quan¬ 
tities  as  well  as  chromaticity  coordinates  within  known 
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tolerances.  These  measurements  were  used  to  develop  soft¬ 
ware  which  permits  an  experimenter  to  specify  and  display 
stimuli  of  known  chromaticity  coordinates. 


36 


REFERENCES 


Carter,  R.  C.  and  Cahill,  M.  C.  Regression  models  of  search 
time  for  color-coded  information  displays.  Human 
Factors,  1979,  21,  293-302. 

Chapanis,  A.  How  we  see:  A  summary  of  basic  principles.  In 
Committee  on  Undersea  Warfare,  National  Research  Council, 
A  summary  report  on  human  factors  in  undersea  warfare . 
Washington,  D.C.:  National  Research  Council,  1949. 

Chapanis,  A.  Color  names  for  color  space.  American 
Scientist ,  1965,  5^3,  327-346. 

Christ,  R.  E.  Review  and  analysis  of  color  coding  research 
for  visual  displays.  Human  Factors ,  1975,.  1_7,  542-570. 

Cohen,  J.  and  Frieden,  T.  Euclidean  color  space  and  its 
invariants.  Proceedings  of  the  Technical  Association  of 
the  Graphic  Arts ,  1976,  411-429. 

Granger,  E.  M.  and  Heurtly,  J.  C.  Visual  chromatid ty- 
modulation  transfer  function.  Journal  of  the  Optical 
Society  of  America ,  1973,  63,  1173-1174. 

Guth,  S.  L.  Nonadditivity  and  inhibition  among  chromatic 
luminances  it  threshold.  Vision  Research,  1967,  7, 
319-328. 

Haeusing,  M.  Color  coding  of  information  on  electronic 
displays.  Proceedings  of  the  Sixth  Congress  on  the 
International  Ergonomics  Association ,  1976,  210-212. 

Halsey,  R.  M.  and  Chapanis,  A.  On  the  number  of  absolutely 
identifiable  hues.  Journal  of  the  Optical  Society  of 
America ,  1951,  51_,  1057-1058/ 

MacAdam,  D.L.  Color  discrimination  and  the  influence  of 
color  contrast  on  visual  acuity.  Optique  Physiologigue , 
Coleurs .  1949,  2j3,  161-173.  “k 

Marsden,  A.  M.  An  elemental  theory  of  induction.  Vision 
Research .  1969,  9,  653-664. 

Oda,  D.  J.  and  Barker,  B.  W.  The  application  of  color  to 
ASW  tactical  displays.  Proceedings  of  the  Society  for 
Information  Display .  197$  ,  13-28 . 


Oyama,  T.  and  Hsia,  Y.  Compensatory  hue  shift  in 

simultaneous  color  contrast  as  a  function  of  separation 
between  inducing  and  test  fields.  Journal  of 
Experimental  Psychology,  1966,  71,  405-413. 

Seeberger,  J.  J.  and  Wierwille,  W.  W.  Estimating  the  amount 
of  eye  movement  data  required  for  panel  design  and 
instrument  placement.  Human  Factors ,  1976,  _18,  281-292. 

Wysecki,  G.  and  Stiles,  W.  S.  Color  science:  concepts  and 
methods,  quantitative  data  and  formulas.  New  York:  John 
Wiley  and  Sons,  1967. 


-  38  - 


Distribution  List 


Director,  Engineering  Psychology  Programs 
Code  455 

Office  of  Naval  Research 
800  North  Quincy  Street 
Arlington,  VA  22217 

Director,  Electromagnetics  Technology  Programs 
Code  221 

Office  of  Naval  Research 
800  North  Q.uincy  Street 
Arlington,  VA  22217 

Commanding  Officer,  ONR  Branch  Office 
ATTN:  Mr.  R.  Lawson 

1030  East  Green  Street 
Pasadena,  CA  91106 

Commanding  Officer,  ONR  Branch  Office 

ATTN:  Mr.  J.  Lester 

Building  114,  Section  D 

666  Summer  Street 

Boston,  MA  02210 

Dr.  Robert  G.  Smith 

Office  of  the  Chief  of  Naval  Operations,  0P987H 
Personnel  Logistics  Plans 
Washington,  D.  C.  20350 

Mr.  Arnold  Rubinstein 
Naval  Material  Command 
NAVMAT  08T24 
Washington,  D.  C.  20360 

Mr.  Phillip  Andrews 
Naval  Sea  Systems  Command 
NAVSEA  0341 

Washington,  D.  C.  20362 

Mr.  Warren  Lewis 
Human  Engineering  Branch 
Code  8231 

Naval  Ocean  Systems  Center 
San  Diego,  CA  92152 

Commander,  Naval  Air  Systems  Command 
Human  Factors  Programs 
NAVAIR  340F 

Washington,  D.  C.  20361 


39 


CDR  P.  M.  Curran 
Code  6*04 

Human  Factors  Engineering  Division 
Naval  Air  Development  Center 
Warminster,  PA  18974 

Dr.  Lloyd  Hitchcock 
Human  Factors  Engineering  Division 
Naval  Air  Development  Center 
Warminster,  PA  18974 

Mr.  Ronald  A.  Erickson 
Human  Factors  Branch 
Code  3175 

Naval  Weapons  Center 
China  Lake,  CA  93555 

Human  Factors  Department 
Code  N215 

Naval  Training  Equipment  Center 
Orlando,  FL  32813 

Human  Factors  Section 
Systems  Engineering  Test  Directorate 
US  Naval  Air  Test  Center 
Patuxent  River,  HD  20670 

Commanding  Officer 
MCTSSA 

Marine  Corps  Base 
Camp  Pendleton,  CA  92055 

Dr.  George  Moeller 
Human  Factors  Engineering  Branch 
Submarine  Medical  Research  Lab 
Naval  Submarine  Base 
Groton,  CT  06340 

Dr.  Jerry  C.  Lamb 
Display  Branch 
Code  TD112 

Naval  Underwater  Systems  Center 
New  London,  CT  06320 

Dr.  Ross  L.  Pepper 
Naval  Ocean  Systems  Center 
Hawaii  Laboratory 
P.  0.  Box  997 
Kailua,  HI  96734 

LT  Robert  C.  Carter 
NAMRL  Detachment 
Box  29407,  Michoud  Station 
New  Orleans,  LA  70189 


Technical  Director 

US  Army  Human  Engineering  Labs 

Aberdeen  Proving  Ground,  MD  21005 

US  Air  Force  Office  of  Scientific  Research 
Life  Sciences  Directorate,  NL 
Bolling  Air  Force  Base 
Washington,  D.  C.  20332 

LT  COL  Joseph  A.  Birt 
Human  Engineering  Division 
USAF/AMRL 

Wright-Patterson  AFB,  OH  45433 

Defense  Technical  Information  Center 
Cameron  Station 
Alexandria,  VA  22314 


-  41  - 


